The AFRL is researching methods for structural-scale simulation to address deficiencies in the analysis of extreme-environment structures that have historically stymied the aerospace community. The root of these deficiencies is the inability to accurately quantify the interactions between the high-speed flow environment and the vehicle structure through modeling and experimentation. Hypersonic vehicles require structures to withstand complex non-proportional loading leading to path-dependant responses with interacting failure modes forcing the analyst to consider margins over a trajectory instead of assumed worst-case points. Specifically, these structures will experience high transient surface temperatures and gradients from flow compression/viscous dissipation, broadband pressure fluctuations due to boundary layer turbulence, deformation induced pressures, and long-duration exposure to these environments [1, 2] . Challenges include coupling between the aero-thermal environment and the structural deflections; consideration of local effects inherent in hypersonic flows; the computational cost of large models; material degradation and nonlinearity; spatial variation of material and structural properties; uncertainty in loads, material properties, and boundary conditions. Further compounding these challenges is the inability to account for interacting failure modes such as high-cycle fatigue due to aeroacoustic and mechanical vibrations, lowcycle fatigue due to thermal-mechanical loading, and material degradation or oxidation due to the extreme thermal environment [3] . To address these challenges, the Structural Sciences Center (SSC) at the Air Force Research Laboratory, has embarked on a campaign to uncover the knowledge gaps associated with defining the structural margins for a reusable Mach 5-7 air breathing class hypersonic vehicle. The current focus of this campaign includes: (1) reviewing the structural challenges encountered in past high-speed structures programs, (2) assessing the current state-of-the-art in design and analysis methods; and (3) identifying critical knowledge gaps in current methods. Each of these areas will be discussed and presented, with the goal of energizing the aerospace community to participate in helping to define and develop an appropriate series of relevant benchmark challenge to address key critical knowledge gaps.
INTRODUCTION
Six decades and untold resources have been expended by the USAF in attempts to field a reusable hypersonic vehicle. The scientific challenges inherent in realizing this goal cannot be overstated as their structures must necessarily operate at the intersection of multiple technical disciplines such as structural, fluid, thermal, and acoustics. A consistent set of scientific challenges continues to confound the high-speed aerospace community. These challenges include: (1) an inability to accurately predict the environment for flight-weight, realistic hypersonic structure, (2) an inability to capture the evolution and degradation of the structure, and (3) an inability to quantify structural margins and uncertainty over the course of many flights. These scientific challenges all lead to unsustainably high design margins with resulting reduction in overall system performance. It is clearly evident that existing aerospace design and analysis methods are not sufficient to successfully develop and field a reusable airbreathing hypersonic vehicle. While considerable progress in addressing these scientific challenges has been made during the past 60-years, the basic set of challenges has remained remarkably similar.
The SSC is researching and developing methods for structural-scale simulation to address those deficiencies in the analysis of extreme-environment structures. This need is highlighted in the 2010 Air Force Technology Horizons Report [4] . Critical technology areas listed in the report include: (1) Structural scale modeling and simulation, (2) Multi-scale simulation technologies, (3) Coupled multi-physics simulations, and (4) Validation support to simulation. Advancing these technology areas for hypersonic structures encountering combined extreme environments requires a greatly improved ability to predict the resulting structural response and damage development. This leads naturally to a focus on improved understanding of component-level structural response; structural and material evolution and damage progression; and failure as defined in a non-deterministic simulation framework over a range of model fidelities and scales, and over disparate domains. However, realizing this construct, which is sometimes referred to as a Digital Twin, will require an unprecedented level of integration of material evolution understanding into structural scale simulation. While a significant national investment has been made in material-scale modeling over the last thirty years, the impact on structural scale modeling and life prediction has been relatively minor.
The overarching simulation framework envisioned is necessary for the development and reliable assessment of revolutionary and durable aero-thermal structures. Further, a multidiscipline coupled capability is critical for the design of hypersonic vehicle structural configurations, i.e., those structures required to exist at the extreme limits of their usefulness, in order to accurately analyze and predict component-level structural response and life. In particular, it is essential to understand where one-way or two-way domain coupling is required (or not) to fully understand and expand the design space. The design of these extreme environment structures is driven by the trajectory and mission requirements, the selection of a particular vehicle, and the specific location on that vehicle. Arriving at an efficient design is difficult because the analysis and design methods used in industry are typically single-discipline and often rely on superposition. That is, the worst-case loading scenarios from each domain are superposed, resulting in structures that are usually over-built which further exacerbates the thermal stress issues associated with hot structure.
Advancement is required on three parallel basic research fronts: response prediction, structural and material evolution to enable life prediction, and quantifying the uncertainty throughout each. Research efforts in response prediction require focus on the study and development of combined, multi-physics analysis methods with the inclusion of the possibility of path dependant response. These methods must address the interplay between the structure behavior of the component, the boundary conditions imposed by the surrounding structure, and its environment to ascertain accurate driving forces. Uncertainty in the loading and an inability to capture both coupled and local effects leads to unsustainable conservatism. For example, existing methodologies to characterize the driving forces using even the most sophisticated fluid analysis techniques have not provided the level of fidelity necessary for component-level structural analysis because of the computational cost and often repeated assumption of rigid structure [5] . Further, the superposition of maximum loading scenarios, the current state-of-the-art in hypersonic design, overlooks key physical interactions and coupling mechanisms. Ignoring these multi-discipline interactions can result in nonconservative response and life predictions [6] . The objective of the life prediction thrust is to understand how damage and structural response interact and evolve, leading to degradation that culminates in the end of useful life for the structure. Quantifying the uncertainty will provide a path to quantify the model prediction confidence as a decision-making metric for model fidelity selection, and determine the necessary and sufficient level of coupling in a fluid-thermal-structural system. The combination of these three focused and integrated research areas will enable a new paradigm for design of extreme environment structures critical to meeting the future strategic mission capability needs of the United States Air Force.
STRUCTURAL CHALLENGES FROM PAST PROGRAMS
The current suite of tools used by the USAF and the aerospace industry is not well suited for design at the margins required for a hypersonic vehicle [7, 8] . This fact is evidenced by the inability to accurately predict the response of high-performance structures in extreme combined environments beginning with the X-15 experimental hypersonic research program, the only hypersonic, albeit rocket-powered, cruise vehicle to make repeated flights and truly be classified as reusable. Some of the in-flight problems included localized hot spots, hot-air leaks, and panel flutter resulting from severe fluctuating pressures due to turbulent boundary layer flow. As another example, consider the X-33 reusable launch vehicle demonstrator for the RLV Space Shuttle Orbiter replacement vehicle, the VentureStar. The process for sizing the extreme environment structures began with a consideration of discrete points along the assumed trajectory in order to characterize the loads. Early in the program, the vehicle thermal protection system (TPS) was designed via aerothermal analyses (flux and surface temperatures) for these limited trajectory points. As the program matured, it was determined that flight trajectories needed to be assessed with greater temporal resolution. If, as the authors contends and history demonstrates, a multi-discipline approach is required, then this linear path-independent approach to predicting the environment and structural loads is further suspect. As noted by Bertin, "the designers of hypersonic vehicles often use conservative estimates of the effect of these phenomena [loads] in order to allow for the uncertainties in our understanding of them. However, too much conservatism may cause unacceptable restrictions on the allowable flight corridor [9] ."
Consider Figure 1 , presenting one representation of a vehicle surface panel in a notional hypersonic cruise environment [10] . In this scenario, there is an oblique shock up-stream of a compliant panel. The vehicle panel is exposed to the aforementioned hypersonic high-speed flow effects, but also experiences the effects of a local, panel-deformation induced shocklocally amplified pressure fluctuations and temperatures and quite possibly separated flow. It is these local, high-gradient loading features that continue to confound analysts and designers because they are so difficult to predict and resolve, and have accompanying high levels of spatial and temporal uncertainty. In a NASA Ames Research Center study, the effect of shock impingement and protuberances on thermal protection system gap-heating was investigated for Mach 5.2 flow [11] . It was noted that the presence of both shock waves and protuberances result in strong pressure gradients necessitating a coupled thermal analysis. The authors state that it would be "optimistic" to superpose zero-pressure gradient heating analysis with flat-plate external reference heating models. The effect of protuberances on aeroheating and boundary-layer transition was also studied by Berry et al. for the X-33 [12] . The X-33 used a metallic thermal protection system in lieu of ceramic tiles. A metallic material system was selected because it minimized risk from both a durability and aeroheating prediction perspective, i.e., random surface roughness, launch damage, and severe heatingprone ceramic tile steps and gaps. The design of any thermal protection system or hotstructure is strongly influenced by the location of boundary-layer transition because of the commensurate increase in heating. Without a comprehensive, validated, boundary layer transition, and coupled prediction methodology, NASA Langley Research Center (LaRC) engineers relied on extensive Mach 6 wind tunnel testing (> 1100 wind tunnel experiments!) with models having different distributions of rigid protuberances. These model protuberances resulted in "shocklets" and aeroheating changes over large regions of the vehicle, similar to the single-protuberance scenario depicted in Figure 1 . In addition to increases in heating due to panel bowing and induced shocks, Dolling [13] and Clemens et al. [14] note that designers cannot ignore shock wave turbulent boundary layer interactions because the resulting fluctuating pressures can cause structural fatigue failures. Specifically, the observed unsteadiness in shock impingement behavior will tend to smear or distribute the effect of the locally high heat flux, while the accompanying oscillating pressure could potentially couple with vibratory modes of the structure resulting in local amplification of the panel stress or even snap-through buckling. Note that this potential limit state was not considered in the extensive wind-tunnel experiments conducted by NASA LaRC engineers when investigating the X-33 rigid panel surface structure. Further, as the surface panel temperatures increase, the material properties change, particularly for metallic structures which will result in a reduction in structural stiffness possibly leading to premature failure, enhanced deformation, or even local panel instabilities. Depending on the boundary conditions, thermal stress stiffening could also cause the panel to buckle or deform into the high-speed flow resulting in further changes to the aerodynamic mean pressure and temperature distribution. This scenario was noted in [2] , where the onset of aerodynamically driven panel flutter was affected by both considerations of fluctuating pressures and panel deformation.
ASSESSING THE STATE-OF-THE-ART
Representative structural designs tied to trajectory for hypersonic configurations with sufficient information to recreate the geometry, material behavior, and boundary conditions are lacking. However, a recently released report from the NASP-era provides most of the necessary attributes to create models for response prediction [15] . However, the panels were constructed of Carbon-Carbon making the material attributes difficult to obtain in open literature. Additionally, a single failure mode, acoustic fatigue, was examined at a worst case trajectory point. In 2009, a three phased program with industry was initiated by the AFRL to assess the state of the art for hypersonic structures, titled Predictive Capability for Hypersonic Structural Response and Life prediction. In Phase I, a review of past programs was conducted with the goal of identifying and documenting knowledge gaps for a reusable hypersonic vehicle in the Mach 5-7 range [7, 8] . The second phase focused on detailed design of four regions from a closed concept vehicle where knowledge gaps are known to exist. In addition to the reports [16, 17] , electronic data is available with CAD and FEM models. The third phase will take detailed designs from phase II and turn them into test articles to benchmark analysis/life capability by experimental assessment of flight-weight hardware. The goal is to quantify the margins in analysis methods currently used and provide a baseline metric for future methods development.
The NASP era report provided a few locations; forebody, ramp, stabilizer, and actively cooled panel, where detailed structures, loads and boundary conditions are reported. Of particular interest is the ramp panel appearing on the lower side of the NASP vehicle just forward of the engine inlet as shown in Figure 2 . The design intent of this panel was to act as a heat shield and was required to carry pressure and thermal loads. The ramp panel analysis was performed using Finite element methods on a common geometry for thermal, static and dynamic methods using P/Thermal for the thermal analysis and MSC/Nastran for the static and dynamic stress analysis. The worst static loading case occurred at a mean pressure loading of 1.25 psi and 320°F outer mold line temperature. However, it was not possible to determine accurate temperature conditions over the panel so a nearly equal case of 1.23 psi at 50°F was chosen for static strength and stability. The ramp panel was adequately sized for static strength considerations using the assumptions of the analyst. A dynamic analysis was performed based on normal modes analysis of the preloaded structure and fatigue analyses to determine the structures susceptibility to fatigue. The acoustic loads were predicted to be 160-170 dB as shown in Figure 2 . The high-cycle fatigue allowable for carbon-carbon for infinite (10 8 cycles) was between 6000 psi and 12000 psi at 3000°F. From the report using normal modes analyses, the stress was determined to be 16,081 psi indicating that the panel would need to be redesigned. Because the information was available to recreate the model, the authors performed a linear and nonlinear analysis using a time domain transient dynamic methods. The center deflection and center point stress of the panel is shown in Figure 3 where the blue displays results from linear analyses and the green is nonlinear analysis. The first two primary modes of the panel that are excited are shown in Figure 4 . When performing the nonlinear analysis, albeit computationally intensive, the results indicate that the panel will survive the acoustic fatigue criterion as the RMS stress was 8,200 psi which is close to the lower limit for infinite fatigue life. For comparison with the original report, the stress of 17,200 psi was observed using linear methods. The conclusion to be drawn from the result is that the linear analysis for the structure was unduly conservative and that margin for the structure was available using a nonlinear analysis. However, this analysis was performed at a point in the trajectory and ignored any path dependency in the structural response. Culler and McNamara [6] reanalyzed the center bay of the ramp panel using a two way coupled fluid-thermal-structural method. Because the entire trajectory was not provided, assumptions were made to complete coupled analyses. Nevertheless, some interesting observations from their work can be made specifically with regard to coupling. Figure 5 shows the results of a coupled analysis at Mach 12 [6] . The flow direction is along the x-axis with the z-axis showing transverse displacement of the panel and the colors refer to temperature in Fahrenheit. For a coupled solution, the panel's deformed shape is no longer symmetric and is more pronounced on the side exposed to the flow. This increases the local curvature at the leading edge of the panel creating a location of high stress. The stress is much higher than the uncoupled solution indicating that ply failure is expected when considering a coupled vs. uncoupled solution. 
IDENTIFYING CRITICAL KNOWLEDGE GAPS IN CURRENT METHODS
While the NASP-era panels provided some rudimentary geometry and boundary conditions to exercise structural analyses methods, and certainly the foundation to conduct some fundamental studies, what was needed was more detailed and relevant structural designs to better understand what challenges currently face the aerospace structures community. The AFRL-led three phased program, Predictive Capability for Hypersonic Structural Response and Life Prediction, seeks to provide the aerospace structures community with a series of relevant computational challenges associated with designing and analyzing a reusable Mach 5-7 vehicle. In the first two phases of the program, aerospace industry experts LockheedMartin ADP and Boeing Phantom Works, developed notional reusable Mach 5-7 concept vehicles with accompanying local detailed outer mold line (OML) panel-structures. As part of the vehicle and detailed structural design processes, these industry experts also identified knowledge gaps or perceived deficiencies in the current best-practices along with the respective engineering fixes. In the second phase of the effort, the detailed design phase, these companies were asked to design for four industry-recognized challenge areas defined in terms of the anticipated combined loadings: (1) thermal-acoustic; (2) thermal-gradients, (3) aero-elasticity, and (4) a combination of all conditions. Finally, a generic trajectory was defined to exercise both the transient and steady-state nature of a reusable, cruise hypersonic vehicle. As an example of a vehicle and detailed panel concepts, consider Figure 6 , the Lockheed vehicle and accompanying four structural design regions. In keeping with the spirit of the NASP ramp panel previously presented, the "High-temperature local buckling critical" panel is analyzed for static strength and stability as well as acoustic loading. Figure 7 shows the evolution of the Panel 1 thermal response over the notional trajectory. A snap-shot of the thermal stresses at the end of cruise is shown in the center.
This is a critical region selected in the present study due to the combination of high thermal and acoustic loading plus the added complication of transient and local shock impingement due to the vehicle rudder movement. The potential for shock impingement is a concern for several reasons. The impingement results in a localized heating source as well as an amplification of the dynamic, fluctuating pressure [ 18 ,13,19,20] . Both of these conditions exacerbate the structural susceptibility to acoustic fatigue, and thus it is imperative that this environment is well predicted/characterized. In fact, for this class of vehicle, acoustic fatigue moves from a secondary design issue to a principal one. A loss of structural integrity during a Mach 5 cruise would be catastrophic. The structural configuration for this panel region is hatstiffened with discrete fasteners, and a metallic material system was selected -Titanium 6-2-4-2S. The structural criteria considered during the detailed design include: limit load comparisons with yield stress, buckling stability, panel deformation limits, bearing stress at the fasteners, creep and fatigue. It is interesting to note that buckling is very efficient for relieving thermal stress but the post-buckled state must be analyzed for the impact on aeroperformance as well as the potential for dynamic snap-through buckling [21, 22] . Neither of these issues are currently considered in the present design paradigm. While a honeycomb configuration was deemed the lightest, most efficient option, the manufacturing and maintenance costs were prohibitive and so a more traditional stiffened configuration was selected. The predominant sizing condition was the Mach 5 ascent (900 o F) portion of the trajectory. Several analysis limitations noted during the design of the Panel 1 region. Several specific knowledge gaps were uncovered, some of which are repeated below [17] :
(1) Accurate combination of the acoustically induced random vibration loads with the thermally and aero-induced load set; (2) Simulation of the material stiffness breakdown [evolution]; (3) Modeling of sonic/thermal fatigue induced weakening and damage of joints to substructure and adjoining panels; (4) Ascertaining the flow field sensitivity to vehicle surface inflection points, rough spots, and protrusions; (5) A need to better predict and account for the overall creep rate (for steady state conditions) versus cyclic thermal degradation; and (6) A need to better predict the effect of material evolution on the surface emissivity and the accompanying changes in panel strength and stability.
These knowledge gaps in-turn will form the basis for future research opportunities for the SSC and collaborators. The full list of gaps for all structural components, for both SSC industry partners are listed in [16, 17] .
CONCLUSIONS
Understanding the coupled multi-physics phenomena at work, and predicting the response of structures operating in extreme, combined environments is vital to achieving the long-held USAF goal of reliable, affordable, and reusable platforms capable of sustained hypersonic flight. Previous hypersonic vehicle programs have been excessively constrained by the lack of needed high-fidelity analysis and simulation tools. Vehicles have been over-designed from a structural standpoint because of the reliance on superposition; critical phenomena have not been predicted and failures have not been anticipated because of the lack of appropriatelycoupled tools; and the capabilities of existing and emerging tools have rarely been exploited because they were either poorly understood or lacked validation. Thus, a sustained and comprehensive research program, partly described herein, targets these critical deficiencies critical to successfully instantiating future strategic capabilities essential to the mission of the United States Air Force.
